Cygnus is a high-energy radiographic x-ray source. Three large zoom lenses have been assembled to collect images from large scintillators. A large elliptical pellicle (394 × 280 mm) deflects the scintillator light out of the x-ray path into an eleven-element zoom lens coupled to a CCD camera. The zoom lens and CCD must be as close as possible to the scintillator to maximize light collection. A telecentric lens design minimizes image blur from a volume source. To maximize the resolution of objects of different sizes, the scintillator and zoom lens are translated along the x-ray axis, and the zoom lens magnification changes. Zoom magnification is also changed when different-sized recording cameras are used (50 or 62 mm square format). The LYSO scintillator measures 200 × 200 mm and is 5 mm thick. The scintillator produces blue light peaking at 435 nm, so special lens materials are required. By swapping out one doublet and allowing all other lenses to be repositioned, the zoom lens can also use a CsI(Tl) scintillator that produces green light centered at 540 nm (for future operations). All lenses have an anti-reflective coating for both wavelength bands. Two sets of doublets, the stop, the scintillator, and the CCD camera move during zoom operations. One doublet has x-y compensation. Alignment of the optical elements was accomplished using counter propagating laser beams and monitoring the retro-reflections and steering collections of laser spots. Each zoom lens uses 60 lb of glass inside the 425 lb mechanical structure, and can be used in either vertical or horizontal orientation.
INTRODUCTION
The Cygnus Dual Beam Radiographic Facility [1, 2] consists of two identical radiographic sources at 2.25 MeV. Each rod-pinch x-ray source is aimed at a test object from a different angle. Each source produces a 1 mm diameter x-ray spot size, with 4 Rad at 1 m, in a pulse of 50 ns FWHM. X-ray collimators define the beam axis. This radiographic facility is located in an underground tunnel test area at the Nevada National Security Site (NNSS). The sources were developed to produce high-resolution images on subcritical tests that are performed at NNSS. Subcritical tests are single-shot, highvalue events. The test objects can be different sizes and a variety of different CCD cameras are available, so, a zoom lens design accommodating magnification changes would enhance the Cygnus facility. Three zoom lens systems are being built, with the third zoom system available to other users for future R&D work. x-ray magnification at the scintillator. Additional structures support lead blankets (orange). Lead blankets are hung to prevent ambient radiation from contaminating the CCD camera data. No lead weight is transferred to the zoom lens structure. Umbilical cables carry motion-control signals to a shielded computer work station located 20 feet away (not shown in the figure). The CCD images are sent by duplex fibers up to 100 feet away. The next sections discuss how we reached this design solution. Figure 1 . X-rays pass through a containment chamber which contains the test objects. Light emitted by the LYSO scintillator is sent vertically into the CCD camera. Lenses are shown in green. are`V V 111111 bait*
OPTICAL DESIGN PROBLEM
Light is continuously produced along each x-ray track as it passes through the scintillator. Light emission from a thick scintillator should be viewed along the x-ray track generating the light. The 1 mm x-ray point source is 2.4 m away from the scintillator, so the chief rays of the light emission should be diverging as they exit the scintillator. We found it difficult to collect these ray bundles, so a compromise was to make the zoom lens telecentric, meaning that the center rays of each ray bundle emanating from each field point of the scintillator must be parallel to the optical axis.
A ray trace of the LINOS lens [3] used on Cygnus prior to the new zoom design is shown in Figure 2 . The resolution requirement is limited by the x-ray blur size at the scintillator. The system requirement is for the lens to resolve better than 250 µm on the scintillator with 50% modulation. The LINOS lens is coupled to the same vacuum system as the CCD camera. This lens does not meet the telecentric requirement, and it has no zoom capability, but works well when imaging an object plane. Because the Cygnus imaging system is starved for light, thicker scintillators are desirable. With a thick scintillator, this lens collects light at different angles to the x-ray trajectory, resulting in image blur. The LINOS lens has a fixed working distance from the scintillator to its first optical element. In this configuration, light is collected from a 150 mm diameter scintillator and imaged onto a 50 mm diameter CCD camera. This imaging system has a fixed magnification. When using a higher-resolution CCD camera that has a 62 mm diameter, light will be collected into only 50 mm of the 62 mm diameter area available. Thus, the available resolution of the camera is not used.
In addition to using all of the available resolution, larger-diameter scintillators and better resolution are desired. Another requirement is to vary the size of the test object being x-rayed. To collect the best resolution, the lens needs to zoom into smaller object sizes. When different scintillators and/or CCD cameras are used, the current LINOS lens does not collect optimal resolution from the scintillator. Currently, the CCD camera chip can be either under-filled or over-filled. Another design goal is to collect more light than the LINOS lens, which collects 0.08 NA. Generally, short-pulsed x-ray imaging is light-starved, so more light will improve the signal-to-noise statistics of the recorded image. These peculiar combinations of requirements make this a challenging optical design problem. 
We need to image light generated from a volume emitter. This zoom lens system collects 0.1 NA light from the scintillator, which emits light with much larger NA. Baffling rejects unwanted light. Figure 3 is a layout for zoom position #1 with the actual glasses listed [4] . All glass elements use Ohara glass. The first three elements use an Ohara version of fused silica to gather the light from the scintillator. A mechanical shutter blocks high-explosives light after x-ray event time, preventing unwanted background light during CCD readout. The elliptical pellicle is decentered by 16.5 mm to center the footprint of light reflected off its aluminum coating. The large elements allow equal light collection efficiencies across the field of view. Notice that emission directions collected from different field points are all parallel. 
LTV, t. Pi ark ite
Ir. Vligl# letiis* *#,.0o=Tvittoot
Analysis of the tolerances of the zoom lens was conducted. To reduce the costs and risks of manufacturing these large lenses, the thickness tolerance was relaxed to ±2.0 mm. In order to achieve best resolution, the second moveable doublet needs to be capable of a manual XY adjustment of only ±1.0 mm. Without this small adjustment, which compensates for lens manufacturing errors, some of the zoomed positions have close to zero modulation transfer function at 16 lp/mm. Because of the large thickness tolerance value, most of the lenses arrived at the thickest value. The air spaces were reoptimized after the lens elements were received. Figure 4 shows compensator value ranges. 
OPTOMECHANICAL ISSUES
The elliptical pellicle will be mounted into a tip/tilt frame. Specification for the pellicle surface irregularity was 5λ over any 4-inch subaperture, measured at 633 nm. Figure 5 shows a CAD model of the pellicle positioned between the scintillator and the first lens element. The scintillator also has tip/tilt adjustment mechanisms. The first lens does not tilt. The pellicle is oversized to minimize edge effects of the bonding of the aluminized Mylar to its frame. The pellicle mount is pinned to the base plate for removal and repositioning. Because there is no metal behind the pellicle, x-rays have no opportunity to scatter off it. Not shown in Figure 5 is all the flocking added to block unwanted light generated by the scintillator. The LYSO can emit light into 2π, with the lens collecting only 0.1 NA of this light. Light sent outside the footprint of the elliptical pellicle can either reflect off the scintillator and into the lens system, or shine directly through the first collecting lens to be reflected off the blackened panels. Because x-ray imaging through dense materials is light starved, stray light is of great concern.
Computer-controlled rail systems transport moveable components, as shown in Figure 6 . The CCD camera is mounted into a custom gimbal that has manual tip/tilt adjustments and clocking. It is also mounted to a rail for focus adjustments. Both the pellicle and the scintillator have manual tip/tilt adjustment mechanisms.
The rail systems for moving the optical components make use of an absolute encoder that does not require electrical power to maintain its value. The environmental use of this zoom lens system has to allow 20° temperature difference between winter and summer operations. The rail brakes used to release movement of optical components require electrical power, and they are normally powered off.
The Newall SHG-A2 absolute linear encoder provides a true absolute position immediately upon power-up. The encoder does not use batteries or static memory to retain the positional data. True position can be reacquired once power is applied, regardless of duration or power-off movements. Newall Spherosyn encoders operate on the principle of electromagnetic induction, with a readout resolution of 1 µm. A 10 kHz sinusoidal current is induced through a single drive coil within the reader head that generates an electromagnetic field. This field interacts with the nickel chrome precision balls contained in the scale. Uniquely coded inserts are placed between the precision nickel chrome elements in the scale. The inserts are locked in position as part of the manufacturing process and contain a small magnetic target that can be detected by a series of hall sensors contained within the reader head. The density of the inserts and the detectors within the reader head allow the system to determine absolute position on power up. Figure 6 . The first zoom lens assembly is undergoing resolution measurements.
OPTICAL ASSEMBLY ISSUES
The control system for the Cygnus Zoom Lens consists of four motorized stages utilized for the positioning of three optical elements and one camera to pre-defined positions based on look-up table positions. The zoom lens motion control software was developed using LabVIEW. RS232 cables are used for communications between the control box and the step motors. A stand-alone executable application controls the motion hardware. All commands are sent via Ethernet to PCI extensions for instrumentation (PXI) based system. The PXI real-time control system houses the motion control card and serial interface. The motion control card interfaces to a universal motion interface board individualizing all four axes sending step signals to external drivers that drive a stepper motor. Position data is sent through the serial interface communication card from a linear absolute encoder. There is one linear rod with four encoder reader heads. Each axis has one linear encoder. To prevent lens crashing when changing magnification, a specific sequence of movements is performed. First, the two movable doublet lenses are spread apart. Then the stop is positioned, followed by moving the first doublet and then the second doublet. Significant debugging was required to eliminate backlash in the motion control of the movable components.
Lens elements were centered within their cells using gauge pins. Dow Corning 3145 RTV clear adhesive was used to make 5/8-inch buttons around the lens edges to secure the centering. A glue dispensing workstation was used to time identical amounts of glue at each glue port around the edges of the lenses. Figure 7 shows these gauge pins and gluing ports. Also shown are the ceramic-coated linear bearings for this moving doublet.
Several flash photos of the optical mounting hardware were taken from the position of the LYSO scintillator. The purpose was to analyze stray light issues. The scintillator is a Lambertian emitter; whereas the zoom lens collects 0.10 NA of this light. Later, black flocking materials were added to some of the surfaces to reduce unwanted light. Figure 8 shows an early flash photo before the pellicle and the lens cells were added. The black anodized optical mounts have significant specular reflections that can easily be remedied with black flocking materials.
glue ports Figure 7 . Lens L5 is undergoing centering operation for the moving doublet L5-6. Gauge pins are used to center each lens within its lens cell.
A calibration plate (shown in Figure 9 ) provides bar-chart resolution measurements at five locations and three thicknesses. The LYSO material will be simulated optically with three thicknesses of sapphire. The calibration plate shown uses 0.0, 2.5, and 5.0 mm thick sapphire windows. This allows best focus to be set to the middle of the scintillator. The calibration plate and scintillator can be quickly interchanged within the tip/tilt mount. Different thicknesses of LYSO scintillators wil each have their own calibration plates.
For Cygnus x-ray operations, the zoom lens has to find the x-ray line of sight. The x-ray axis, along with its collimators, is established using an alignment telescope. A laser beam is made collinear with this telescope axis. Then, the LYSO scintillator is made normal to the x-ray axis. After removal of the CCD camera, another alignment laser is centered through two apertures placed over lenses L8 and L9 (shown in Figure 4) . The pellicle is then tilted to make the retroreflection of the laser beam from the scintillator pass through the two alignment apertures. The counter propagating laser beams are usually of two different colors to simplify alignment. They are made collinear using the alignment apertures placed over lenses L8 and L9 (shown in Figure 4 ). Retro-reflection rings from the compensator doublet (also shown in Figure 4 ) were centered. The compensator doublet uses locking micrometers for adjustments. The goal is to achieve the tightest cluster of retro reflections on aperture cards placed near each colored laser.
After the scintillator orientation is set, the pellicle and camera angle must be set such that a retro-reflection off the scintillator is parallel to the optical axis. The independent camera angle adjustment allows image tilts to be removed. 
